The physical±chemical characteristics of the groundwater in the Baza±Caniles detrital aquifer system indicate that a wide diversity of hydrochemical conditions exists in this semiarid region, de®ning geochemical zones with distinct groundwater types. The least mineralized water is found closest to the main recharge zones, and the salinity of the water increases signi®cantly with depth towards the center of the basin. Geochemical reaction models have been constructed using water chemistry data along¯ow paths that characterize the dierent sectors of the aquifer system, namely: Quaternary aquifer, uncon®ned sector and shallow and deep con®ned sectors of the Mio±Pliocene aquifer. Geochemical mass±balance calculations indicate that the dominant groundwater reaction throughout the detrital system is dedolomitisation (dolomite dissolution and calcite precipitation driven by gypsum dissolution); this process is highly developed in the central part of the basin due to the abundance of evaporites. Apart from this process, there are others which in¯uence the geochemical zoning of the system. In the Quaternary aquifer, which behaves as a system open to gases and which receives inputs of CO 2 gas derived from the intensive farming in the area, the interaction of the CO 2 with the carbonate matrix of the aquifer produces an increase in the alkalinity of the water. In the shallow con®ned sector of the Mio±Pliocene aquifer, the process of dedolomitisation evolves in a system closed to CO 2 gas. Ca 2+ /Na + cation exchange and halite dissolution processes are locally important, which gives rise to a relatively saline water. Finally, in the deep con®ned sector, a strongly reducing environment exists, in which the presence of H 2 S and NH + 4 in the highly mineralized groundwater can be detected. In this geochemical zone, the groundwater system is considered to be closed to CO 2 gas proceeding from external sources, but open to CO 2 from oxidation of organic matter. The geochemical modeling indicates that the chemical characteristics of this saline water are mainly due to SO 4 dissolution, dedolomitisation and SO 4 reduction, coupled with microbial degradation of lignite. #
Introduction and hydrogeological setting
Sedimentary basins form important groundwater resources for the intramontane areas of Spain (LoÂ pez- Vera et al., 1981; Cruz-SanjuliaÂ n et al., 1990) , and in addition such basins are frequently the only water resources in many semi-arid and arid regions in the world (Robertson, 1989; Mukhopadhyay et al., 1994; Rosen and Jones, 1998; Birkle et al., 1998) .
Most of the agricultural plains in Spain lie on these sedimentary systems and the problem of groundwater quality deterioration has become urgent, because of the intensive farming and the increasing exploitation of the aquifers. The aim of this study is to determine the main geochemical reactions which control the groundwater composition in a semi-arid detrital aquifer in southern Spain and to identify the natural and human-induced processes which de®ne the hydrochemical zoning observed within the aquifer system. These objectives have been achieved using geochemical mass±balance models.
The intramontane depression of Baza (Alpine Betic Chain, Southern Spain) is an area with a semi-arid Mediterranean climate with low rainfall (350 mm/year), the economy of which is based fundamentally on agriculture. Due to the geographic and climatic characteristics of the area, there are no permanent rivers. The water requirements of the population and agriculture therefore have to be met by using the groundwater resources.
The area studied occupies 640 km 2 , with a mean altitude of 840 m.a.s.l. The farming activities take up 7090 ha, with actual irrigation being lower than total theoretical demand, as there is a considerable water de®cit in relation to the amount of irrigated land (Urbano et al., 1991) . Most of the groundwater used comes from over 500 wells and boreholes in the Baza±Caniles detrital aquifer system. With a view to increasing the water supply for agriculture, various boreholes have been drilled to exploit resources from the deeper sectors of the aquifer. The results obtained have been varied as regards groundwater quality, since in certain sectors of the basin, the groundwater is highly saline and therefore unsuitable for irrigation purposes.
The aquifer system of Baza±Caniles is made up of deposits from the Neogene±Quaternary age which sealed the contact between the Internal and External Zones of the Betic Cordillera (Fig. 1) . The southern boundary of the aquifer system is made up of micaschists from the Nevado±FilaÂ bride Complex, which probably also forms the majority of the impervious substratum of the basin. To the west and east the aquifer is bounded by the Sierra de Baza and Sierra de las Estancias (AlpujaÂ rride Complex), characterized by intensely recrystallized phyllites and quartzites of preTriassic age and Triassic carbonate rocks with Alpine facies (Delgado, 1987; MartõÂ n-Algarra, 1987) . The groundwater of these carbonate aquifers discharges towards the detrital aquifer and forms the main recharge of this system (Fig. 1) .
The deposits which ®ll the Baza basin have been studied by numerous authors (e.g., Vera, 1970; PenÄ a, 1985; Goy et al., 1989; Guerra-MerchaÂ n, 1992) . Conglomerates, sands and marine marls of upper Tortonian age make up the base of the sedimentary sequence. The Guadix and Baza Formations overlie these (Fig. 2) . The Guadix Formation mainly comprises conglomerates (with mica-schist, marble, limestone and dolostone pebbles) which towards the center of the basin are interbedded with sands and lutites. Calcite and dolomite form around 40% of the lithology, together with quartz and phyllosilicates (SebastiaÂ n-Pardo, 1979) . The Baza Formation is also from the Mio±Pliocene age and overlaps the Guadix Formation at the edges of the basin. It is made up of marls, limestones, marl-limestones, gypsum and, to a lesser extent, lutites, with some interbedded sands and lignite levels. These deposits are the result of lacustrine sedimentation under highly saline conditions, with occasional inputs of fresh water (Soria et al., 1987; AnadoÂ n and JuliaÁ , 1990) .
Two main hydrogeological units can be distinguished in the Baza±Caniles aquifer system: the Mio±Pliocene detrital aquifer and the Quaternary aquifer (DelgadoPastor et al., 1989; Cruz-SanjuliaÂ n et al., 1990) . The Mio±Pliocene aquifer is made up of materials from the Tortonian age and the Guadix Formation. It reaches its maximum thickness in the southern sector of the basin (400 m thick), and diminishes towards the edges of the basin and at the boundary with the Baza Formation. Transmissivities range between 170 and 300 m 2 /day in the conglomerates and between 900 and 1700 m 2 /day in the sands. Discharge occurs through springs, mainly located on the boundary between the Guadix and Baza Formations, and via extraction from wells and boreholes.
The Quaternary aquifer consists of alluvial terraces, with a mean thickness of around 20 m. It is in hydraulic connection with both the Guadix Formation and the Baza Formation.
The geometry of the Mio±Pliocene aquifer is complex, as the origin of these materials is linked to the development of various successive phases of alluvial fans, also aected by recent neotectonic processes. This gives rise to important variations in the thickness of the aquifer and in the granulometry of the sediments, meaning that in some sectors the most permeable levels are con®ned below ®ne-grained distal deposits (shallow con®ned aquifer). Towards the center of the basin, the impervious marls and evaporites of the Baza Formation, over 200 m thick, con®ne the Mio±Pliocene aquifer (deep con®ned aquifer). In both con®ned zones, the aquifer exists under artesian conditions. The analysis of the stable isotope content ( 18 O and 2 H) of the groundwater in the Baza basin con®rms that most of the recharge of the detrital aquifer derives from the Sierra de Baza and Sierra de las Estancias, and the existence of dierent in®ltration mechanisms can be identi®ed in both sectors. The range of the isotopic composition of groundwater in the western sector falls on the meteoric water line, suggesting that local recharge occurs fairly rapidly over the carbonate lithologies. However, evaporation processes take place prior to in®ltration in the foothills of Sierra de las Estancias (eastern sector), producing groundwater enriched in d
18 O compared to the western sector (Hidalgo et al., 1991) .
The isotopic data have also established that the eective recharge of the aquifers is mainly due to the autumn and winter rainfall. This generally corresponds to precipitation from the Atlantic Ocean, with 2 H excess of around +10%o, equivalent to those found in the groundwater of the basin (Cruz-SanjuliaÂ n et al., 1992). 
Groundwater chemistry and mineral equilibria

Sampling and analysis
Samples from 500 points in the whole basin have been analyzed (Hidalgo, 1993) . For this study, the data from 32 points were chosen such that they represent hydrochemical types and hydrogeological conditions typical of the dierent sectors of the aquifer. The sampling points considered in this paper are indicated in Fig. 1 and are identi®ed by the reference which appears in Tables 1, 3 and 4. Unacidi®ed samples were collected in 500 ml polyethylene bottles. Acidi®ed (HNO 3 at 0.3%) samples were collected in 125 ml polyethylene bottles in order to determine minor constituents (F À and Sr 2+ ). Portable equipment was used in the ®eld to measure temperature, pH and electrical conductivity of water. The pH meter was calibrated with commercial solutions of pH 4.00 and 7.00. Calibration was repeated if the pH error in the check before measurement was higher than that normally accepted in the literature (AE0.5 units). (by turbidimetry) and SiO 2 (by colorimetry). Cl À and F À ions were determined by direct potentiometry and ion speci®c electrodes. All selected analyses contain complete major cations and anions, and yielded ionic balances of less than 5%.
Hydrochemical facies and trends in groundwater composition
The groundwater of the Baza±Caniles aquifer presents a wide range of hydrochemical types. The most important out¯ows of the Mio±Pliocene aquifer are located in the western area of the basin (points M2 and M3, Fig. 1 ). This water belongs to the Ca±Mg±HCO 3 and Mg±Ca±HCO 3 type, with values of around 500 mg/ l for total dissolved solids. These hydrochemical facies are characteristic of the recharge from carbonate materials and groundwater¯ow in the uncon®ned conglomerate formation. The water from the shallow con®ned sector of the aquifer is very similar to the above, although the salinity increases moderately with distance from the recharge area. On the southern boundary, Ca±Mg±HCO 3 ±SO 4 facies predominate which is representative of the recharge from the Nevado±FilaÂ bride boundary (points M4, M9 and M10, Fig. 1 ). This water is somewhat richer in the SO 2À 4 ion than in the previous case, although it has very similar Ca 2+ and Mg 2+ contents (between 50±70 mg/l and 20±30 mg/l, respectively). Locally, in the central sector of the aquifer mixed SO 4 ± Cl and HCO 3 ±Cl type waters develop, with high Na + (300±360 mg/l) and Cl À contents (220±300 mg/l), associated with certain outcrops of sands and silts of marine origin (points M7 and M11).
The deep con®ned sector of the aquifer is characterized by higher total mineralisation (between 2±4 g/l), with Mg±Ca±SO 4 ±Cl hydrochemical facies. Dissolved O 2 values are very low (around 1 mg/l) and the water smells of H 2 S.
Water of Mg±Ca±HCO 3 type is present at the boundary between the Guadix Formation and the Quaternary aquifer and evolves towards the center of the basin to SO 4 ±HCO 3 and SO 4 facies, with high NO 3 concentrations (points Q1 to Q5). This distribution of facies is caused by the relationship with the Pliocene marls and gypsum, and by an intense recirculation of irrigation water (Hidalgo et al., 1995) .
There are some wells and springs associated with overlapping detrital levels in the Baza Formation (points B1 to B6), whose water is highly saline (over 4 g/ l of TDS), with Ca±Mg±SO 4 facies, as a result of the dissolution of the evaporitic materials present in this formation.
In general, a signi®cant increase in the degree of water mineralisation in the direction of¯ow is observed. In the western sector, the HCO À 3 content increases with distance from the recharge area, with maximum values in the Quaternary aquifer (Fig. 3a) . The Quaternary aquifer works as an open system, with an increase in the partial pressure of CO 2 from the soil as a result of the farming practices carried out in the sector. This increase in P CO 2 causes a decrease in the pH of the water. For this reason, the highest pH values appear on the edges of the basin and decrease slightly in the central zone of the Quaternary aquifer, although they are always over seven ( Fig. 3b and c) .
The least mineralized water generally has a Ca 2+ / SO 2À 4 ratio higher than one. However, as the SO 2À 4 content increases, a Ca 2+ de®cit appears (Fig. 3d) which suggests a process of calcite precipitation as a consequence of the addition of the common Ca 2+ from the dissolution of gypsum. In this case, the precipitation of calcite also involves a removal of HCO À 3 ions, meaning that the water tends to compensate by dissolving more carbonate. Since dolomite exists in the in®ll materials in the basin, it tends to dissolve, which leads to an increase in dissolved Mg. This is shown by the Mg 2+ /Ca 2+ relationship which increases in the direction of¯ow, as the Ca which is removed from the solution is replaced by Mg. Fig. 3e shows how the index Mg 2+ /Ca 2+ grows rapidly with the degree of mineralisation, both in the Mio±Pliocene and Quaternary aquifer.
Even though the presence of halite has not been described in the mineralogy of the Baza basin, the high Na + and Cl À contents detected in certain samples may suggest the dissolution of chloride salts. The Na±Cl relationship has often been used to identify the mechanisms for acquiring salinity and saline intrusions in semi-arid regions (Magaritz et al., 1981; Dixon and Chiswell, 1992; Sami, 1992) . A parallel enrichment in both ions indicates a dissolution of chloride salts or reconcentration processes by evaporation. These two mechanisms are those that predominate in the studied region, with a distribution of values very close to one in most cases. Those samples with a value of this ratio higher than one also show a de®cit in Ca 2+ +Mg 2+ , and this is consistent with a Ca±Na cation exchange process which leads to a softening of the water (Hidalgo et al., 1995) .
Some groundwaters contain high concentrations of Sr 2+ and F À . The Sr 2+ content of the least saline samples is around 1.5 mg/l, and is likely to derive from the dissolution of the carbonate rocks (Hidalgo, 1993) . However, the Sr 2+ concentrations increase sharply when the water comes into contact with the evaporites, with values of between 8 and 13 mg/l (Fig. 3f) . The highest F À contents (3 mg/l) also show a similar distribution to that of Sr 2+ . As the presence of celestite and¯uorite has been demonstrated in the clay and silt fractions of the Baza Formation, these high Sr 2+ and F À contents must have their origin in the dissolution of these minerals.
Stability relations between water and rock
In Table 1 the saturation indices for calcite, dolomite, gypsum and celestite, all expressed in logarithmic form, are shown. The calculations were carried out with the speciation program WATEQ4F (Back and Nordstrom, 1991) . Following Langmuir (1971) and Plummer et al. (1990) , uncertainty limits of AE0.1 and AE0.5 have been considered in the calculation of the saturation indices of calcite and dolomite respectively.
The graphs in Fig. 4 show the evolution experienced by the saturation indices of calcite, dolomite and gypsum in relation to the increase in SO 2À 4 content, i.e. their progress as the groundwater¯ows through the Mio± Pliocene lithologies, towards the centre of the basin. Throughout this geochemical sequence, the water evolves from a state close to saturation in calcite towards a clear oversaturation. Cardenal et al. (1994) found that most of the groundwater in the AlpujaÂ rride carbonate aquifers was also slightly oversaturated in calcite. According to these authors, the oversaturation in calcite is related to incongruent dolomite dissolution and dedolomitisation, both of which cause precipitation of calcite. Once the system is saturated in calcite, the hydrochemical evolution is aected by the dissolution of gypsum, which will be the in¯uencing factor in the process of dolomite dissolution.
Most of the groundwaters are undersaturated or in equilibrium with dolomite. Only ®ve of the samples are oversaturated and these correspond to very diverse ranges of SO 2À 4 contents (Fig. 4) . As the evaporites dissolve, the saturation indices of gypsum and celestite tend to approach equilibrium, although the water generally remains undersaturated in these minerals. The saturation in both species is only reached in some wells drilled in the Baza Formation itself.
Geochemical modelling
Mass±balance calculations
Inverse geochemical models, or mass±balance calculation models, enable the nature and extent of the geochemical reactions that occur in hydrological systems to be determined by identifying the minerals that react and the amount of these minerals that dissolve or precipitate (Plummer and Back, 1980; Plummer et al., 1983; Appelo and Postma, 1993) . The geochemical mass±balance and mixing computer code NETPATH ) is used in this study.
In order to evaluate the mass transfers in the water± rock system,¯ow paths representative of both the uncon®ned and con®ned sectors of the aquifer system were selected. The samples included in each¯ow path were chosen by taking into account the location of the point, the hydraulic heads of the aquifer system and observed trends in the chemical composition of the water. In this regard, the increases in Cl À and SO 2À 4 were considered as the criteria to indicate the progression along each¯ow path, as these should be conservative in the system. The geochemical mass±balance calculations were performed assuming open-system conditions with respect to gas phases in the uncon®ned aquifer (¯ow path A, Table 2 ) and closed-system conditions in the con®ned zones (¯ow path B1 and B2, Table 2 ).
The constraints and phases used in the NETPATH modelling for each sector were selected on the basis of potential reactions between the water and the principal mineralogical species existing in the sediments of the basin (Table 2) . Only stoichiometrically pure mineral phases were considered. The constraints common to all the models proposed were C, Ca, Mg and S, as it was aimed to characterize the reactions which take place between the water±calcite±dolomite±gypsum phases. As all the samples are saturated or over-saturated with respect to calcite, the condition that this mineral could only precipitate along the¯ow paths was imposed. However, in the case of gypsum and dolomite only dissolution was permitted. When calculating mineral phase changes in the selected mass±balance models, positive values indicate dissolution of the phase and negative values indicate precipitation.
Furthermore, the dissolution of halite is the reaction most likely to be able to provide equivalent inputs of Na + and Cl À to the solution, and therefore Cl À and halite were added (constraint and phase, respectively) in all the models. In other cases, the ratio Na + /Cl À (in meq) is higher than 1; as the possible Cl À sinks are not known and yet the presence of clay minerals with a high cation exchange capacity were described (SebastianPardo, 1979), a Ca 2+ /Na + exchange reaction was added as a constraint (``exchange'' in Table 2 ) and Na + was included among the phases. In this case, a positive mass transfer means uptake of Ca 2+ and release of Na + whilst a negative mass transfer would indicate uptake of Na + on the exchanger. Considering the low dissolved O 2 concentration detected in the con®ned sectors of the aquifer, the term redox was included in the constraints and O 2 in the phases. In water smelling of H 2 S, the model includes a SO 2À 4 reduction process (¯ow path B2, Table 2 ), meaning that redox conditions are considered and organic matter in the form of lignite is added as a phase.
Results and discussion
Flow path A (Fig. 5) re¯ects the hydrochemical evolution from the uncon®ned western sector of the Mio± Pliocene aquifer towards the Quaternary aquifer and corresponds to the hydrogeological pro®le shown in Fig. 2a .
As indicated above, springs M2 and M3 constitute the main natural discharge from the aquifer. Although they are not strictly situated on the same¯ow path, both represent the groundwater recharge from the carbonate aquifers situated in the border of the system, with Ca and Ca±Mg±HCO 3 type waters, respectively. In the geochemical modeling carried out, sample M2 was considered as initial water, from which the geochemical processes typical of this sector of the aquifer system are evaluated. Table 3 sets out the results obtained in successive stages between two consecutive points of water, including both the phases considered and the value obtained for the various mass transfers.
As can be seen in Table 3 , the hydrochemical composition of M3 is aected by the input of gypsum (+1.1 mmol/kg H 2 O), accompanied by calcite precipitation (À0.8 mmol/kg H 2 O) together with dissolution of dolomite (+0.5 mmol/kg H 2 O). Additionally, this model requires the incorporation of 0.6 mmol/kg H 2 O of CO 2 , a result which is consistent with a system considered open to atmosphere.
The next point chosen (Q2 , Table 3 ) represents the progress of the¯ow through the Quaternary aquifer: in this area, the availability of gypsum must be limited, as only 0.1 mmol/kg H 2 O is taken up. However, dolomite dissolution increases considerably (+0.9 mmol/kg H 2 O), and at the same time calcite precipitates (À0.5 mmol/kg H 2 O) and a considerable input of CO 2 gas is recorded (+1.5 mmol/kg H 2 O). The latter must be the cause of the increase in HCO and HCO À 3 increase. This latter process leads to oversaturation in calcite, meaning that it tends to precipitate. As a result of the loss of Ca 2+ and CO 2À 3 ions, a further dissolution of dolomite is required. This incongruent dolomite dissolution leads to an increase in the Mg 2+ /Ca 2+ ratio in the direction of¯ow (Freeze and Cherry, 1979; Appelo and Postma, 1993; Drever, 1997) . This Mg 2+ /Ca 2+ ratio trend also occurs in aquifers where dolomite is not found, due to the incongruent dissolution of impure calcite (Edmunds et al., 1987) . However, the lack of detailed petrographic data on the carbonate material makes it dicult to consider other impure mineral phases in this study.
As the¯ow progresses along¯owpath A (Fig. 5) , a considerable increase in SO 2+ 4 content can be noticed, as well as Mg 2+ and Ca 2+ , whilst the HCO À 3 content decreases. The partial pressure of CO 2 also increases initially in the direction of¯ow, although it falls in the last stretch considered. This tendency is characteristic of the dedolomitisation reaction, which consists of a simultaneous dissolution of gypsum and dolomite, together with a precipitation of calcite (Back et al., 1983; Plummer et al., 1990; Cardenal et al., 1994) . If water close to saturation in calcite and dolomite is considered, the dissolution of gypsum adds Ca 2+ to the water and causes calcite precipitation, leading to a decrease in the concentration of HCO À 3 . This makes the water undersaturated with respect to dolomite, leading to the dissolution of this mineral and to an increase in dissolved Mg 2+ . The mass of gypsum and dolomite dissolved in this process of dedolomitisation is greater than that of precipitated calcite, meaning that there is also a net increase in Ca 2+ content (¯owpath A, Fig. 5 ). The other phases included in this model (halite and celestite) make it possible to justify small variations in the concentration of Cl À and Sr 2+ ions present in the solution. In the case of sample Q3, the molar ratio m Na + /m Cl À is clearly over one, meaning that its composition cannot be justi®ed only by a dissolution of halite. Taking into account that this sector also records a high NO 3 and K + content, the origin of this increase in Na + ion is considered to be related to farming practices in the area, where urban waste water is directly used for irrigation purposes.
Near high ground, some diuse out¯ows appear at the boundaries of the Quaternary aquifer with the Baza Formation, such as that represented by point Q4 (Fig.  2) . In this discharge zone, the water comes into contact with the atmosphere and evolves towards equilibrium with atmospheric CO 2 . The P CO 2 in the groundwater (10 À2,3 bar) is greater than that in the atmosphere (10 À3,5 bar) meaning that a loss in CO 2 occurs in the solution. This causes the pH to increase and means that the water at the discharge point is oversaturated in both calcite (I cal =+0.8) and dolomite (I dol =+1.1).
Finally, when the water comes into contact with the evaporites of the Baza Formation (point B2, Table 3 ), saturation with gypsum is reached, after dissolving 23 mmol/kg H 2 O of this mineral and 10.9 mmol/kg H 2 O of dolomite, which causes precipitation of 22.7 mmol/kg H 2 O of calcite. These amounts are similar to those obtained by Cardenal et al. (1994) when applying a reaction-path calculation geochemical model to simulate the hypothetical evolution of the composition of the groundwater in a carbonate aquifer with layers of gypsum, considering that the system reaches equilibrium with these three mineral phases.
The recharge proceeding from the southern boundary of the aquifer system is characterized by water from points M4 and M10. This water ®lters rapidly into the detrital aquifer and circulates towards the center of the basin.
As previously indicated, the granulometric variations in the Mio±Pliocene aquifer and the geometry of the contact with the Baza Formation lead to the existence of con®ned zones of the aquifer in the southern and central sectors of the basin, either under lutitic facies of the Guadix Formation itself or under a considerable thickness of marls and gypsum (Fig. 2b) . The points selected to characterize the geochemical processes through this pro®le appear in graphs B1 and B2 of Fig. 5 . Flow path B1 corresponds to the shallow con®ned sector, in which the availability of gypsum is comparatively scarce. Flow path B2 represents the general evolution of the groundwater¯ow as it progresses towards the deep con®ned central sector of the aquifer. The results obtained for the geochemical modeling are set out in Table 4 .
On the southern and eastern boundary of the aquifer, a dedolomitisation process occurs (dissolution of 0.2 mmol/kg H 2 O of gypsum, precipitation of 0.4 mmol/ kg H 2 O of calcite and dissolution of 0.2 mmol/kg H 2 O of dolomite; M4 to M10, Table 4 ).
The aquifer is rapidly con®ned below the Pliocene lutitic facies and behaves as a closed system, in which the water evolves towards facies somewhat richer in Mg 2+ (Fig. 5) . In this area, Mg±Ca±SO 4 facies are common, with low dissolved O 2 content, as in borehole M13 ( Fig. 2b and Table 1 ). According to the model obtained (M10±M13 , Table 4 ), the availability of halite in this sector is scarce. However, smectites are abundant throughout the area, meaning that ionic exchange reactions occur, which may release Na + . In this zone of the aquifer, where the environment developed is slightly reducing, the amount of O 2 required by the model proposed (0.2 mmol/kg H 2 O of O 2 ) can be explained by the dissolved O 2 contributed by the water proceeding from the recharge zone (around 7 mg/l of O 2 ).
Flowpath B2 considers the groundwater¯owing towards sectors of the aquifer characterized by the presence of Na±Mg±Cl±SO 4 type water related to the sediments of marine origin. When the water travels through these Tortonian deposits (path M10±M7), in addition to the reaction with gypsum and carbonate materials, 9.4 mmol/kg H 2 O of halite is dissolved, and at the same time, a Ca 2+ /Na + exchange of 1.3 mmol/kg H 2 O occurs. This exchange process is interpreted as the result of the¯ow of relatively dilute water through a highly saline medium. This model also requires the input of CO 2 in the groundwater. As the system is considered as closed to atmospheric CO 2 , another process must be considered in order to explain these results which leads to an enrichment in this gaseous phase. The water smells of H 2 S, suggesting that the existence of a process of SO 2À 4 reduction could be considered, which would involve an organic origin of the CO 2 . Thus, in the ®nal simulation, a process of organic matter oxidation and a SO 2À 4 reduction reaction were added. The phase included in the model was lignite (Table 4) , as its presence had been described in the Mio±Pliocene materials and, for this reason, it is considered as the most likely receptor of electrons in this context. In this way, the path M10±M7 combines the dedolomitisation reaction with a dissolution of halite, ion-exchange and SO 2À 4 reduction in the presence of organic matter, giving rise to the production of 0.5 mmol/kg H 2 O of CO 2 . This same order of results is obtained by other authors when estimating the production of CO 2 from microbial SO 2À 4 reduction in con®ned systems McMahon and Chapelle, 1991) .
When the water reaches the deepest con®ned sector of the aquifer (point M18), it is clearly oversaturated in calcite and close to equilibrium in gypsum, after dissolving 12.6 mmol/kg H 2 O of this mineral. A strong smell of H 2 S can be noticed and a high NH 4+ content is detected (4 mg/l), whilst the NO À 3 ion almost disappears, suggesting that a process of NO À 3 and SO 2À 4 reduction is occurring. The geochemical model used considers the same reactions as in the previous case, though with certain dierences. In this case, the meq Na + /meqCl À ratio in the water is much lower than one, though the Cl À content did not show any variation. In this context, the decrease in Na + content can be interpreted as the result of ion-exchange due to the high content of this cation in the water. This kind of selective ion-exchange process has been described in other contexts characterized by the presence of saline water (Appelo and Postma, 1993; Tellam, 1995) . Furthermore, the solution obtained with this model does not re¯ect an input of CO 2 into the medium. When analyzing these results, the SO 2À 4 reduction process seems to be quantitatively less important than SO 2À 4 dissolution. As in other carbonate aquifers (Edmunds et al., 1987) , this latter process takes place despite reducing conditions.
If the geochemical zoning of the con®ned sectors of the aquifer is considered along the¯ow path and towards the deeper sectors of the aquifer, a progressive decrease in the O 2 content can be observed, followed by a reduction from NO À 3 to N 2 , until a very reducing medium is reached, characterized by the generation of H 2 S. The drop in dissolved O 2 levels is coincident with an increase in the total dissolved (<0.45 mm fraction) Fe concentrations, which remain low (<50 mg/l) under aerobic conditions but rise to 100±300 mg/l in the reducing section of the aquifer (Hidalgo, 1993) . This sequence of oxidation±reduction observed is similar to that described in other systems closed to O 2 and which contain organic matter (Edmunds et al., 1984 (Edmunds et al., , 1987 Kloppmann et al., 1996; Elliot et al., 1999) . Despite the lack of Eh measures, it is possible to de®ne a redox boundary coincident with the fall in dissolved O 2 ±NO À 3 content and located in the con®ned aquifer, under the border between the Guadix and Baza Formations.
Conclusions
According to the results obtained from the mass±bal-ance models, three main geochemical processes may be considered as controlling the chemical composition of groundwater in dierent sectors of the Baza±Caniles aquifer: dedolomitisation, dissolution of evaporites and SO 2À 4 reduction. The dedolomitisation process (dissolution of gypsum accompanied by calcite precipitation and dolomite dissolution) takes place throughout the whole aquifer system, being more or less developed according to the availability of gypsum in the medium. In certain areas of the uncon®ned Mio±Pliocene and Quaternary aquifer, characterized by a low SO 2À 4 content and with external inputs of CO 2 proceeding from farming activities, the equilibrium with the carbonate system is also aected by an incongruent dolomite dissolution reaction.
In the shallow con®ned sector of the Mio±Pliocene aquifer, the dedolomitisation process continues to be the predominant reaction. Although in this area a moderately reducing environment develops and most of the dissolved O 2 in the water is consumed, no signi®cant SO 2À 4 reduction takes place. Finally, in the deep con®ned sector of the aquifer, the dissolution of evaporites and the SO 2À 4 reduction reaction (the latter associated with the oxidation of lignite) are the two processes which, together with the dedolomitisation, lead to the existence of the most mineralized water.
The hydrochemical evolution of groundwater follows an oxidation±reduction sequence very similar to that observed in other much purer carbonate aquifers in Europe, and the existence of a redox barrier separating oxidizing and reducing sectors of the aquifer is also evidenced. In this way, the hydrochemical zoning identi®ed within the aquifer and the groundwater geochemical evolution observed are of interest for development in many detrital carbonate aquifers, which are of major economic importance in the northern Mediterranean region.
